Thin ZnO films were deposited on various types of substrates with rf magnetron reactive sputtering of a Zn target in pure O 2 atmosphere. The layers were characterized by x-ray diffraction and electrical measurements. The piezoelectric strain constant d 31 of the films was determined via optical interferometric measurements on the piezoelectrically forced vibration of silicon cantilevers. Because of the high resistivity of the ZnO samples ͑higher than 10 9 ⍀ cm͒, piezoelectric excitation down to frequencies of 100 Hz was found to be feasible. The relation between the piezoelectric strain constant and the c-axis orientation distribution of the film ͓obtained from the full width at half maximum of the x-ray rocking curves at the ZnO ͑002͒ diffraction͔ was determined both experimentally and theoretically. It was found that the experimental effective piezoelectric strain constants are, at most, 60% of the value predicted by the theoretical calculations. It is thought that this discrepancy is due to the cancellation of piezoelectric activity by ZnO grains of opposing polarity. The latter effect and other structural properties of the films are discussed in relation to nucleation and growth of sputtered ZnO films.
I. INTRODUCTION
The piezoelectric effect in thin films of the polar semiconducting material ZnO is widely applied in all sorts of sensors, like surface and bulk acoustic wave devices for filtering 1, 2 and sensing, [3] [4] [5] and micromechanical devices like accelerometers, force sensors, tactile sensors, and microphones. [6] [7] [8] [9] [10] Most of these devices apply ZnO films deposited with a conventional sputtering technique, 11 mainly because of the simplicity of this method. However, devicequality films with piezoelectric responses comparable to bulk single-crystal ZnO are generally not so easy to obtain. It is generally thought that, in order to achieve good piezoelectric activity, the films should have both high resistivity and perfect c-axis texture. 11 As-deposited films generally show n-type conduction because of an imbalance in the ratio of zinc and oxygen atoms. In such films piezoelectric activity can only be obtained at high frequencies of the electrical field applied across the films. For applications at low frequencies the resistivity should be high, and several ways to achieve this have been discussed in the literature: the deposition process parameters can be chosen such that the excess of zinc in the layers is low; 12 the layers can be doped with, e.g., lithium 13 or annealed in oxygen or nitrogen, 14 or carrier-depleted regions can be created in the layers. 15, 16 The crystalline quality of sputtered ZnO films, in particular the orientation of the crystallites in the film with respect to the substrate surface, depends on a number of factors, 11 the most important ones being the nature of the substrate ͑chemical composition, crystalline orientation, and surface roughness͒ and sputtering parameters (O 2 pressure, substrate temperature, sputtering power͒. Under optimized conditions, the crystallites in ZnO films deposited with sputtering techniques grow preferentially with the c-axis perpendicular to the substrate surface.
In this paper we shall determine the electrical, structural, and piezoelectric properties of reactive rf magnetron sputtered ZnO films, deposited on different substrate layers and with different process parameters, and determine and explain the quantitative relation between the piezoelectric activity ͑expressed in the piezoelectric strain constant d 31 ) and the degree of c-axis orientation of these films.
II. EXPERIMENT
A. Sample fabrication Figure 1 shows the basic layout of the samples used for piezoelectric characterization of ZnO films. It consists of a small piece of Si with width w b and thickness t b , cut from a 3 in. high-resistivity p-type Si ͑001͒ wafer containing several different layers that are deposited under exactly the same process conditions and patterned in such a way that four types of samples with different layers underneath the ZnO are obtained ͑see Fig. 2͒ . On each substrate wafer, also, samples of types 1-4 were created for x-ray diffraction and impedance measurements. The Si substrate was p doped by boron diffusion to obtain a low-resistivity ground electrode in case SiO 2 or Si 3 N 4 was used as the substrate layer ͑types 3 and 4͒; in the other two sample types a W film was used as the ground electrode. The ZnO film ͑thickness: t z ) contained in the layer package was deposited by reactive rf planar magnetron sputtering of a Zn target in O 2 ambient in a homebuilt high vacuum sputtering system with a back pressure of 3ϫ10 Ϫ5 Pa. During deposition the substrate was placed on a heater parallel to and concentric with the target. Table I shows the different ZnO deposition process parameters used in this study. Sample G17 was deposited with a set of parameters that were recently found to give ZnO layers of excellent quality for optical waveguide applications. 17 According to Hickernell, 11 a high optical quality is indicative of a high piezoelectric quality. Based on the results of van de Pol et al., 18 we followed a procedure introduced by Horsthuis 19 and performed most of our sputtering depositions in two consecutive steps: after a presputtering procedure to clean the target, during which deposition of ZnO on the substrate is prevented by means of a shutter, a one-minute deposition step is performed at 1.8 kW sputtering power, directly followed by a deposition step at 1.0 kW power, for a period depending on the desired film thickness. The idea behind this two-step routine is that during the higher power step many small nuclei will form on the substrate surface that subsequently will evolve to well-oriented columnar crystallites, 18 provided that the deposition rate is low enough to allow the sputtered species to reach energetically favorable lattice positions. To decrease the deposition rate, the applied sputtering power should be lower. Simultaneously, the detrimental influence of high-energy atoms, ions, and electrons, which may give rise to crystal defects, is reduced. Furthermore, a lower sputtering rate promotes the oxidation of the target, leading to a better stoichiometry, 20 and thus a lower electrical conductivity of the layer.
The ZnO layer was patterned by wet etching in a 0.05 wt.% aqueous HF solution. The Si 3 N 4 layer ͑thickness: 1.1 m͒ was deposited by low-pressure chemical-vapor deposition from a SiCl 2 H 2 -NH 3 gas mixture. The SiO 2 layer of 110 nm in samples of types 2 and 4 was obtained by thermal oxidation of Si regions that were etched free of Si 3 N 4 by reactive ion etching in a CHF 3 -O 2 gas mixture. A 70 nm thick Ti adhesion layer, followed by a 130 nm thick W layer, and the Al top electrodes ͑thickness: 1 m͒ were all deposited by electron-beam evaporation. The Al is patterned with the aid of a lift-off technique because most acids ͑i.e., most Al-etching solutions͒ etch ZnO rapidly. Since resist developers like aqueous NaOH also etch ZnO slightly, great care was taken during development of the resist lift-off pattern. Finally, the Si piece with the complete layer package is glued on a brass holder in such a way that a length of l b remains free and extends as a cantilever from the edge of the holder. The final size of the Al top electrodes extending over the edge of the brass is: width w e and length l e .
B. Characterization
The ZnO films were studied by x-ray diffraction ͑XRD͒ with a Philips PW3710-based diffractometer. All diffraction angles 2 mentioned in this paper are related to the Cu K␣ 1 wavelength of 0.154 060 nm. In all measured XRD spectra, Deposited with a considerably eroded target.
the Si ͕004͖ substrate peak was located at a 2 value within 0.01°of the tabulated value ͑69.13°͒. The width of the ͑002͒ diffraction lines was determined from the measured -2 scans after so-called ''␣ 2 stripping,'' 21 followed by a correction for instrumental broadening, assuming that the lines have a Gaussian shape. 22 The angle-dependent instrumental line broadening of the diffractometer was estimated from a linear fit of the full-width-at-half-maximum ͑FWHM͒ value of six different diffraction peaks from single-crystal Si substrates of different orientation.
So-called ''rocking curves'' were measured for ZnO͑002͒, by which we understand a measurement with the detector fixed at the measured diffraction angle 2 for the ZnO͑002͒ planes, while the angle between the sample and the x-ray beam is varied over an angle ⍀. This measurement is used to determine the distribution of grains with ͑002͒ crystallographic orientation.
The permittivity of the ZnO films and the substrate layers were determined by impedance measurements with a Hewlett Packard HP4194A gain-phase analyzer on metaloxide-semiconductor test structures of the type Al-ZnOinsulator-Si or Al-insulator-Si ͑the insulator being either SiO 2 or Si 3 N 4 ).
In order to determine the piezoelectric activity of thinfilm ZnO, we used the cantilever-type samples described in the previous section as modulators in a Mach-Zehnder interferometer setup with heterodyne detection. The basic idea of the method is that, due to the piezoelectric effect, a voltage applied across the ZnO film on the cantilever results in a bending movement of the cantilever beam ͑see the next section͒, which modulates the path length of the light beam within the interferometer circuit, which in turn results in a phase modulation of the heterodyne frequency. The method allows the determination of the absolute amplitude of the bending cantilever beam. Several satisfying results obtained with this method were published previously. 15, 23 Details about the measurement set-up and the mathematics describing the method were reported earlier. 24 The interferometer was calibrated with an industrial piezoelectric transducer with a transfer of 10 nm/V. The cantilever beam length l b and electrode length l e of the samples were measured with an accuracy of 0.2 mm, which corresponds to errors of ϳ5%.
III. MODEL FOR PIEZOELECTRIC EXCITATION OF CANTILEVER VIBRATION
The piezoelectric activity of a thin ZnO layer can be determined by applying an electric field across the layer and measuring the stress in the film, resulting from the piezoelectric effect. The stress can be derived from a measurement of the deflection of a cantilever bent by the mechanical moment, which the stress exerts on it. The system of interest is shown in Fig. 1 . In our experiments the cantilever beam is forced into vibration by an ac voltage V i . Figure 3 shows a typical frequency response for such a beam. The parameter H( f ), being the ratio of the cantilever tip deflection, ␦, and V i , does not depend on frequency for excitation frequencies below the first mechanical resonance, at 12 220 Hz. This indicates a high dielectric relaxation time of the system, which is the result of the high resistivity of the ZnO film. In case SiO 2 or Si 3 N 4 is used as a substrate layer, the voltage V i , if it is applied as indicated in Fig. 1 , will be divided over the substrate layer and the ZnO layer, according to 
This equation follows directly from the two constitutive relations:
with D the dielectric displacement and E the electric-field vectors, T the stress tensor, ⑀ T the dielectric constant at constant stress, and d the piezoelectric strain coefficient, and
with S the strain tensor, dЈ the transposed matrix of d and s E the compliance at constant electric field. Under the boundary conditions T 3 ϭT 4 ϭT 5 ϭT 6 ϭ0, S 2 ϭ0, and E 1 ϭE 2 ϭ0, the constitutive relations lead to Eq. ͑2͒ and to the equations
where ϭϪs 12,z E /s 11,z E , which for single-crystal ZnO has a value of 0.437. 25 For ac driving voltages with frequencies far below the first mechanical resonance of the beam in Fig. 1 , the mechanical moment induced by the piezoelectric effect, M , equals
with E 3 the electrical field in the thickness direction of the film, and the other parameters as defined in Fig. 1 . The deflection of the cantilever tip, derived with standard mechanics, is found to be . 25 The effective piezoelectric strain constant now follows from Eqs. ͑1͒ and ͑8͒ and the measured response at frequencies far below the first mechanical resonance of the cantilever beam.
The ratio between the applied voltage V i and the voltage across the ZnO layer V z can be derived from electrical measurements with good precision. For the mechanical properties of the ZnO layer we took values for single-crystal ZnO, 25 and calculated s 11,z E * under the assumption that the ZnO film is perfectly c-axis oriented; the value thus obtained is 6.36ϫ10
. This assumption may introduce a serious error in the piezoelectric strain constant, considering the values for rf magnetron sputtered ZnO films reported by Carlotti et al., 26 which give a 27% higher value for the effective compliance of ZnO. The actual film orientation will deviate from perfect c-axis orientation, and for an accurate quantitative evaluation, the mechanical properties of the film should be corrected for this effect. We shall discuss this in more detail below. Minor errors in the piezoelectric strain constants, of up to 10%, will be introduced by an uncertainty in l b , due to errors in laser beam positioning in the interferometer setup ͑ideally, the laser beam should be positioned exactly at the edge of the cantilever beam tip͒.
IV. RESULTS AND DISCUSSION

A. Frequency response and electrical characteristics
For all samples the cantilever tip amplitude was measured as a function of the frequency of the driving voltage. For sample G12 the result is shown in Fig. 3 . This figure shows a resonance peak at 12 220 Hz, with a quality factor of 79. In theory, the principal mechanical resonance of this particular cantilever should occur at 12 850 Hz. All samples, except those that showed no piezoelectric activity, exhibited similar frequency responses as in Fig. 3 , with resonance frequencies within 5% of the calculated value; quality factors ranged from 59 to 95.
The measured dielectric permittivity of SiO 2 and Si 3 N 4 was ͑3.3Ϯ0.4͒ϫ10 Ϫ11 and ͑7.2Ϯ0.5͒ϫ10 Ϫ11 F/m, respectively. The permittivity obtained for ZnO from impedance measurements on metal-ZnO-metal structures is not the one in Eq. ͑2͒, but is given by ⑀ 33,z **ϭ⑀ 33 
which follows from the constitutive relations, Eqs. ͑3͒ and ͑4͒, under the boundary conditions: T 3 ϭT 4 ϭT 5 ϭT 6 ϭ0, S 1 ϭS 2 ϭ0, E 1 ϭE 2 ϭ0. The condition S 1 ϭ0 reflects the fact that in the impedance measurements no substrate bending occurs. For single-crystal ZnO, the relative difference between the effective permittivities in Eqs. ͑2͒ and ͑9͒ is approximately 12%.
The effective permittivity values measured for ZnO are shown in Table II . Except for the exceptionally low value for layer G2, the ZnO permittivities are all less than 10% lower than that calculated from single-crystal values, 25 i.e., 9.86 ϫ10 Ϫ11 F/m. Accurate quantitative evaluation should again include the influence of the real film orientation. This will be elaborated in Sec. IV D.
The measured capacitance of multilayers, composed of the intermediate dielectric layer and the ZnO film, showed a very small linear dependence on the applied dc voltage, with a total shift smaller than 1% in the voltage range Ϫ40 to ϩ40 V. This shift was, however, also measured on the intermediate dielectric layers without the ZnO film on top and is, therefore, not a property of the ZnO layers. The measured capacitance was constant within 1% for frequencies down to 1 kHz. For frequencies down to 100 Hz no cutoff frequency ͑at which the films start to behave as pure conductors͒ was observed, which indicates a resistivity of the ZnO films of at least 10 9 ⍀ cm. The dielectric strength of the films was at least 1.3ϫ10 7 V/m. Figure 4 shows the tip displacement for several types of samples with layer G12, as a function of dc bias, for an ac peak-to-peak ͑pp͒ voltage of 2.0 V at a frequency of 1.0 kHz. In contrast to Blom et al., 15 who investigated ZnO films deposited in the same sputtering system, we observed no influence of the dc bias. With samples of layer G12, type 4 ͑i.e., with SiO 2 as the intermediate dielectric layer͒, similar measurements were done for several ac voltages and several frequencies, but also here no influence of the dc bias on the transfer function of the cantilever beam was measured. This indicates that our ZnO layers are completely depleted of charge carriers and can be regarded as good insulators. The validity of the ͑linear͒ model, Eq. ͑8͒, was checked at f ϭ1 kHz. The results, plotted in Fig. 5 , show excellent linear behavior, up to V pp ϭ20 V.
B. Piezoelectric response
The values of d 31 * were determined for a number of different samples, according to the method described in Sec. III; for all samples w e ϭ1.5 mm and w b ϭ2.0 mm. The results are shown in Table III ; the sample identification codes correspond to the codes in Table I and Fig. 2 . All responses were measured at a driving voltage with a peak-to-peak value of 2.0 V ͑without dc bias͒ and a frequency of 1 kHz, except for 25 which is Ϫ7.80 pC/N.
C. XRD results
The results for the XRD measurements are summarized in Table III . The top scan of Fig. 6 , a typical XRD scan for a ZnO film on oxidized Si, shows an intense peak for the ͑002͒ diffraction at 33.91°, to be compared with the 34.43°e xpected for bulk ZnO. 27 The other peaks represent diffractions from ZnO ͑004͒, at 73.3°, and substrate Si ͑004͒, at 69.13°. From this result and from Fig. 7 , which shows a rocking curve on the ZnO ͑002͒ diffraction with a width of 4°, it can be concluded that this film has most of its crystallites oriented with the c-axis normal to the substrate surface. Measurements on type 3 samples, containing layers of Si 3 N 4 underneath the ZnO film, demonstrated similar x-ray patterns as the ones on SiO 2 .
The -2 scan for a ZnO film on W in Fig. 6 ͑center͒ shows a less intense peak at the ZnO ͑002͒ position, indicating a less oriented film. The ZnO ͑002͒ rocking curve for this particular film shows no evidence for preferred c-axis orientation. The other peaks in the -2 scan result from slightly oxidized Ti, at 37.88°, and W, at 40.47°, and from higherorder ZnO diffractions. Piezoelectric responses were measured at f ϭ1 kHz, V pp ϭ2.0 V, except G9, type 2, and G11, type 2, which were measured at V pp ϭ20.0 V.
Sample G4, type 2, contained a W film covered with 100 nm of plasma-enhanced chemical-vapor deposition ͑PECVD͒ SiO 2 prior to the deposition of a ZnO layer. The intermediate silicon oxide layer improved the orientation distribution, as is evident from the rocking curve FWHM of 7.45°͑see Table III͒ , and also from the increased intensity of the ZnO ͑002͒ peak in the lower scan in Fig. 6 .
It has often been suggested that ZnO film texture on, e.g., SiO 2 substrates evolves along an evolutionary selection mechanism. 28 Van der Drift 29 states that evolution of a population of grains with a distinct crystallographic orientation with respect to the substrate surface can occur when there is a selection on the basis of a property of the individual crystallites that determines the probability of survival. His model predicts that both the average grain size as well as the average orientation of grains increases with film thickness. One type of evolutionary selection is the vertical growth rate of individual crystals: the higher the vertical growth rate, the larger the survival probability. This model has been used by Petrov et al. 28 to explain the preferred c-axis growth for ZnO films.
In our opinion, this ''survival-of-the-fastest'' mechanism does not hold for ZnO films, simply because the ͗002͘ direction is not the direction of fastest growth for ZnO films. This we infer from the fact that the ͑002͒ faces of ZnO are the ones with the lowest surface free energy. [30] [31] [32] These faces, according to basic crystal growth theory should, therefore, be among the faces of lowest growth rate. In this case the mechanism discussed by Knuyt et al. 33 seems more applicable. These authors developed a model for the evolution of texture, based on the assumption that the film tends to lower its surface energy during deposition, which is achieved by diffusion within a thin surface layer, of atoms from a particular crystallite to one having a lower surface energy. As a result of this process, the lower-surface-energy grain will become larger as the film thickness increases, while the orientation distribution at the surface evolves towards one corresponding to the crystallographic direction of lowest surface energy. Similar models, based on somewhat different assumptions, were developed and evaluated by Feltham 34 and Srolovitz. 35 A requirement for such a mechanism to occur is that the surface mobility of atoms is sufficiently high, while the diffusion inside the crystal is negligibly low, so that grain boundaries deep in the interior of the film cannot move.
The main implication of the models is that the orientation distribution within the film narrows as the film becomes thicker. This narrowing should be reflected in the width of the x-ray rocking curve for the ZnO ͑002͒ diffraction. We checked this by depositing ZnO films on SiO 2 -coated silicon substrates, at 425°C, a substrate-to-target distance of 100 mm, 1.8 kW sputtering power, and 0.5 Pa O 2 pressure, with a thickness of ϳ9 nm and ϳ90 nm ͑the thickness was estimated from deposition time and deposition rates measured for thicker films͒. Figure 8 shows XRD -2 scans and rocking curves for the ͑002͒ diffraction of these two films; for comparison we also show data for sample G15, type 4, which was deposited under the same conditions and had a thickness of 920 nm. No other ZnO diffractions, besides ͑004͒, could be detected in the -2 scans of these films. The rocking curve widths measured for the 9m and 90 nm films are 8.8°and 8.22°, respectively, while the linewidths in the -2 scans are 0.79°and 0.76°, respectively. The corresponding data for sample G15 can be found in Table III . The ͑002͒ diffraction peak for the 9 nm sample was located at 34.20°, that for sample G15 at 33.92°.
The fact that we observe a rather well-oriented ZnO film even for a thickness of only 9 nm ͑corresponding to approxi- mately 40 atomic layers of ZnO͒ indicates that the first layers of the ZnO films on SiO 2 are already substantially c-axis oriented, despite considerable evolutionary selection during film growth, as evidenced by the decreasing rocking curve width. This can be explained with a mechanism called ''preferred nucleation,'' 36 which is said to occur if there is only a weak interaction between the nucleus and the substrate surface. In that case, nuclei having a plane of low surface energy parallel to the substrate surface will form, provided the experimental conditions are such that equilibrium can be attained. This is the case when atom ͑surface͒ mobility is not too small and the flux of growth species towards the substrate is not too large. In our opinion, this mechanism is the one determining preferred c-axis growth in our ZnO films sputtered on SiO 2 and Si 3 N 4 . The results for sample G17, deposited at a higher temperature, and thus, with a higher surface mobility of adsorbed atoms, are in favor of this mechanism ͑see Table III͒. Film G2 seems to be an exception to the general trends in preferred orientation. In this case, the nucleation of lowsurface-energy crystallites obviously did not occur, which is caused either by the relatively large flux of growth species to the surface ͑as follows from the higher deposition rate of this film͒, or by defects created by secondary electron or ion bombardment 37 ͑the main difference between the processing conditions for G2 and the other films is the lower substratetarget distance͒; a crystallite filled with dislocations and other structural disorders will not necessarily develop a crystal habit corresponding to lowest-surface-energy considerations. 38 In order to explain the observed lack of preferred orientation in ZnO films deposited on W ͓similar results were observed for ZnO on Al ͑Ref. 20͔͒, we checked three mechanisms: If the W surface is very rough, the ͑geometric, as opposed to crystallographic͒ orientation of the substrate surface will fluctuate so much that, in the case of preferred nucleation, the c axis of the crystallites, although perpendicular to the substrate surface, will not be perpendicular to the average surface plane. If the surface is rough on a very small scale, the preferred nucleation mechanism may not work at all because the surface contains a large number of nucleation sites, preventing the preferred nucleation mechanism. 36 We have found a somewhat less-oriented ZnO film on a PECVD SiO 2 film, with a root-mean-square roughness of 2.2 nm ͑Ref. 39͒ ͑G4, type 4͒, compared to a ZnO film on SiO 2 created by thermal oxidation of silicon, with a roughness of ϳ0.3 nm; 40 ͑G12, type 4͒. The roughness of the W films used in our ZnO experiments is close to that for the PECVD SiO 2 film, i.e., 1-3 nm, which indicates that roughness is not the cause for the less-oriented ZnO films on W. If a large interaction at the atomic level exists between the growth species and the W substrate, no extra energy is gained from attachment of the growth species to the c-axis-oriented ZnO nuclei. One such an interaction is an epitaxial relation between the ZnO and the W lattices. We measured the rocking curve width for the ͑110͒ diffraction of the W film for a number of samples and found for G2, type 2, and G11, type 2, values of 13.6°and 15.4°, respectively. The preferred orientation in the W films is thus not very pronounced. There is, however, no relation between the orientation distribution of the ZnO films deposited on these films and the W orientation distribution, and considering the fact that the lattice mismatch between W͑110͒ and ZnO͑002͒ is 2.7% along the a axes and 26% in the direction perpendicular to the a axes, epitaxial relations between these two materials are not likely.
In conventional plasma etching and deposition systems, all the surfaces to which no external bias is applied are at a lower electrical potential than the plasma itself. 41 Thus, in the case of ZnO deposition by sputtering, there will be an electrical field perpendicular to the silicon substrate surface, which may play a role in the alignment of dipoles in the growing crystalline film. In the case of ZnO this would lead to c-axis-oriented growth, because the polar axis in ZnO is along this direction. The electrical conductivity of the substrate surface will have an influence on this effect. We checked this by performing an experiment in which a silicon wafer was prepared as depicted in Fig. 9 . One half of the wafer was covered with an insulating SiO 2 film, and several areas of Ti/W were deposited on this wafer through a shadow mask. The complete wafer was covered with a 1 m ZnO film, using the same deposition conditions as for sample G12. The idea behind the experiment is that area D ͑on SiO 2 , see Fig. 9͒ develops a dc bias different from area B ͑on Si͒, while area A, containing the same substrate layers as area D, should develop the same bias as area B, because it has an electrical connection across the edge of the SiO 2 layer to the silicon substrate, which was electrically grounded in the experiment. Samples E and C serve as a reference. Table  IV shows XRD results for the five samples. It can be seen that no significant differences in preferred orientation are observed between samples A, B, and D, which indicates that the dc bias present at the substrate during sputtering has no influence on film orientation.
D. Relation between piezoelectric response and film orientation
In Fig. 10 we show a plot of the measured effective piezoelectric constant d 31 * as a function of the corresponding measured FWHM values of rocking curves for the ͑002͒ diffraction of the ZnO films. Figure 10 also shows the outcome of the theoretical model for the orientation dependence of d 31 * , to be discussed below.
The type 4 samples of runs G2 and G8 have exceptionally low piezoelectric activity with respect to the general trend in Fig. 10 . The reason for the very low piezoelectric activity of film G2 probably is the low mechanical coherence 11 of this film, i.e., the columnar grains of film G2 are not connected well to one another because of voids in between the grains. Evidence for this is found in the absence of residual film stress ͓the XRD angle for the ͑002͒ planes is equal to the bulk crystal value, see Table III͔ and a significantly lower relative dielectric permittivity ͑see Table II͒ .
The low piezoelectric activity as well as the somewhat lower dielectric permittivity of layer G8 are probably related to the fact that this film was deposited with a considerably eroded target. The target showed the well-known ''bull's eye effect,'' 41 with a circular groove nearly as deep as the original thickness of the Zn layer on the target. It is likely that impurities from the adhesive layer between the Zn and the underlying copper plate, or from the copper plate itself, were sputtered and incorporated into the ZnO layer. We did not find evidence of such impurities in energy dispersive x-ray analysis of the ZnO films ͑detection limit for most elements around 1 at. %͒ or in electrical measurements. Impurities may affect the growth of ZnO crystallites during deposition, e.g., by changing surface energies or surface reaction kinetics, also if they are present in concentrations of only a few ppm. A comparison of the data of samples G8 and G11, which were deposited under exactly the same sputtering conditions, shows that layer G8 has a relatively high FWHM value in the XRD -2 scans, which is either caused by a smaller grain size or a larger defect density. Both these effects may result from the presence of impurities on the surface of the ZnO crystallites during growth. The fact that layer G8 showed etch rates in aqueous HF solutions ͑used to make patterns in the ZnO films͒, of a factor 2-4 higher than all the other ZnO layers, suggests that this layer contains more structural defects than the other layers.
Qualitatively, the trend in Fig. 10 is expected, because it is expected that the piezoelectric 3-1 coupling of a ZnO film decreases when the crystalline grains in the film do not have their polar c axis aligned with the direction of the electric field, which in our experiments was applied perpendicular to the substrate surface. To calculate the effective piezoelectric strain constant for a perfectly c-axis-oriented ZnO film, we have to calculate this constant for one grain with a certain in-plane orientation, and subsequently, integrate over the inplane rotation angle ␣ ͑i.e., rotation about the z axis in Fig.  11͒ . Since we ͑and many other researchers͒ have never found evidence for the contrary, we assume that the grains in sputtered ZnO films have no in-plane preferred crystallographic orientation. According to Auld, 25 both the permittivity matrix ͓⑀͔ and the compliance matrix ͓s͔ of a hexagonal crystal structure remain unchanged by any z-axis rotation, and it can easily be proved that the same is true for the piezoelectric To have a quantitative estimation of the piezoelectric strain constant of a real ZnO film, with a certain spreading in the c-axis orientation, we first need to calculate the properties of a grain with the c axis misaligned with respect to the z axis ͑grain II in Fig. 11͒ . In order to do so, we have to rotate the matrices ͓⑀͔, ͓s͔, and ͓d͔ over an angle about an axis perpendicular to the z axis. For simplicity, we take a rotation about the x axis ͑see Fig. 11͒ . In contrast to the situation for rotations about the z axis, now the matrices will change, since the x axis does not belong to any rotation or mirror symmetry element of the ZnO crystal structure. Moreover, the resulting matrices will not remain unchanged after a subsequent rotation about the z axis ͑which in that case is no longer aligned with a symmetry element of the ZnO crystal structure͒. This implies that two ZnO grains, with the same c-axis misalignment with respect to the normal to the substrate surface, but a different in-plane crystallographic orientation, will contribute differently to the piezoelectric zx ͑or 3-1͒ coupling. Therefore, we also have to include this rotation, over an angle ␣ about the z axis, in the evaluation, and subsequently, integrate with respect to both angles to obtain the average properties of the film, 42 where a Gaussian distribution of the misorientation angle is assumed, in agreement with the x-ray rocking curve:
͑10͒
with p some orientation-dependent property of the film, and
where F is the FWHM of the x-ray rocking curve in radians.
With the aid of the mathematical procedures described by Auld 25 we have determined the ͓⑀͔, ͓s͔, and ͓d͔ matrices after a rotation over about the x axis, and a subsequent rotation over ␣ about the z axis. The array elements relevant for our evaluation are where the parameters p i j F at the right side of the equality sign are the single-crystal array elements. To obtain the average values of a real ZnO film with an orientation distribution given by the x-ray rocking curve, we calculated the expectation values of the parameters with the aid of Eq. ͑10͒. The expectation values for the three cases, i.e., perfect c-axis orientation, random orientation, and specific texture, are shown in Table V . To obtain the relevant effective constants, we substituted these expectation values into Eqs. ͑5͒, ͑6͒, and ͑9͒. This is a reasonable approximation, although mathematically not entirely correct ͑see the Appendix͒.
The result obtained for the effect of texture on the piezoelectric strain constant is included in Fig. 10 . It is clear that the measured values are all significantly lower than expected on the basis of the orientation-dependence calculations. The main reason for this is probably that the polarization of the grains does not have the same sign, i.e., the c axis does not point upward for all the grains, as is assumed in the calculations. We have no direct experimental information on the direction of polarization of the grains. An estimation that can be made from a comparison of the experimental data and the calculated values is that approximately 85% ͑films with FWHM of ϳ3°, see Fig. 10͒ to 70% ͑for FWHM of ϳ7°͒ of the grains has the c axis pointing upwards with respect to the substrate surface. For the ZnO films deposited on a metal layer, the number of grains with upward and downward pointing c axes seems to be around 50%, i.e., no net polarization is present. FIG. 11 . Schematic drawing of ZnO film, with two differently oriented grains: ͑I͒ with the crystallographic c axis exactly perpendicular to the substrate surface, and ͑II͒ with the c axis misoriented to an angle with respect to the direction perpendicular to the substrate surface. The figure also indicates the coordinate system used in the text.
Our results indicate that a relation exists between the net polarization in the films and the degree of c-axis misorientation in the film. If this were not the case, the ratio between measured and calculated values in Fig. 10 would be the same for every value of the FWHM of the x-ray rocking curve. We think that the initial growth of a ZnO film under optimal conditions occurs from nuclei that are c-axis oriented and all have the same type of atoms terminating the crystallites at the film-substrate interface. Whether the termination is oxygen or zinc cannot be concluded from the experimental results, but most probably the crystallites are oxygen terminated at the surface side, because of the reported lower surface energy of the O-terminated ͑002͒ face with respect to the Zn-terminated ͑002͒ face. If for some reason no preference for the development of nuclei terminated with the same type of ͑002͒ faces is present, as is obviously the case for metal-coated surfaces, no c-axis texture is developed.
V. SUMMARY AND CONCLUSIONS
Device-quality ZnO layers with relatively high piezoelectric constants d 31 ͑larger than 50% of the single-crystal value͒ were realized with the aid of reactive rf magnetron sputtering from a zinc target in pure oxygen gas. The best layers are deposited on SiO 2 or Si 3 N 4 substrate layers, at an oxygen sputtering pressure of 0.5 Pa with a constant rf power of 1000 W at a substrate temperature of 425°C and a substrate/target spacing of 100 mm. Realization of highquality ZnO directly on a Ti/W substrate layer has proved to be difficult with the chosen process parameters. Covering the Ti/W substrate layer with a thin PECVD SiO 2 layer increases the quality of the layer significantly. All the deposited ZnO films had a high resistivity, which enables device applications of the piezoelectric transduction mechanism down to frequencies of ϳ100 Hz. This has been verified in measurements on piezoelectrically exited cantilever beams.
The relation between piezoelectric activity and c-axis orientation distribution of the films was studied, and it was found that the measured activity is much lower than expected on the basis of calculations of the influence of film c-axis misorientation on the piezoelectric strain constant. It is speculated that this is caused by the difference in polarization of the grains in the film, i.e., a large fraction ͑15%-30%͒ of the grains has the polar c axis directed opposite to that of the majority of the grains.
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